Abstract The present study was designed to establish the incidence of cytogenetic evolution (CE), defined as the acquisition of chromosomal defects during the course of MDS, in order to correlate it with the WHO classification and IPSS score, and to assess its impact on overall survival (OS) and risk of MDS/AML evolution (progression-free interval, PFI) by means of Cox models for time-dependent covariates. Adjustments for known risk factors were achieved by performing a bivariable analysis. The study was carried out in 153 MDS patients who were followed for a median period of 45.2 months. Disease progression occurred in 42.4% of patients after a 65.2-month median PFI, while CE occurred in 30.7% of patients. Our study shows that (1) CE was more common in advanced than in early MDS, and advanced MDS presented secondary chromosomal defects distinct from those of early MDS; (2) CE significantly affected OS and PFI independently of other prognostic variables; (3) del(7)(q31q34) was the only secondary chromosomal defect which significantly affected PFI; trisomy 8 had only a moderate influence.
Introduction
Myelodysplastic syndromes (MDS) are heterogeneous clonal stem cell disorders characterized by a hypercellular marrow showing ineffective hematopoiesis which is responsible for one or more peripheral blood cytopenia(s) [1, 2] . Currently, MDS is diagnosed according to the World Health Organization (WHO) classification which identifies eight subtypes [3] . This last classification has been validated in a large number of patients [4] [5] [6] [7] [8] and is continually subject to improvement [9] [10] [11] [12] [13] [14] .
The WHO classification system provides relevant prognostic information for a disease with an extremely variable natural course [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . MDS patients experience morbidity and mortality rates higher than those of age-matched normal subjects because of complications related to peripheral cytopenia [16] and AML progression which occurs in about 30% of cases [17] . In 1997, the International Prognostic Scoring System (IPSS) revealed that the number of peripheral blood cytopenias, cytogenetic pattern, and blast cell percentage are the most significant prognostic factors in MDS [18] . Additional studies have demonstrated that IPSS power may be improved by better defining the prognostic relevance of the chromosomal defects included within the intermediate IPSS cytogenetic category [19] [20] [21] [22] and this assumption has been further validated [23] . Even more recently, the prognostic power of the cytogenetic pattern has been proven by the newly developed WHO classificationbased prognostic system [24] . However, all these studies have analyzed the clinical relevance of chromosomal abnormalities revealed only at clinical diagnosis (primary defects) [25, 26] . In contrast, very few studies have evaluated the incidence and the prognostic significance of cytogenetic evolution (CE), defined as the acquisition of either an abnormal clone in a karyotypically normal patient or additional defects in patients with an already abnormal chromosomal pattern (secondary abnormalities) [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . The majority of these studies, which include small numbers of patients with a short follow-up period, have simply reported that the acquisition of secondary defects occurred at the time of AML progression in approximately 60% of MDS patients, but none have assessed how many patients experience CE before clinical progression and whether this CE is predictive of overall survival (OS) and progressionfree interval (PFI) independently of WHO classification, primary defects, and IPSS cytogenetic categories.
These are the goals of the present study, which included 153 patients, observed for a sufficiently long follow-up period, in whom the significant effect of primary cytogenetic defects on disease outcome has already been revealed [21] . An additional goal was to establish which secondary defect significantly predicts leukemic transformation.
Materials and methods

Patients
All 153 de novo MDS patients analyzed in the present study were included in a previous series and were diagnosed at the Division of Hematology, Foundation IRCCS Policlinico San Matteo, Pavia between January 1990 and December 2004. All patients were classified according to WHO classification. Our study does not include any patient with either secondary MDS or with a white blood cell (WBC) count above 12×10 9 /L. The diagnostic procedures, performed at clinical diagnosis and during follow-up, and clinical monitoring were carried out as already reported [22] . Moreover, since the IPSS was developed for patients undergoing treatments not affecting the natural course of MDS and since the MDS natural course may be significantly changed by intensive chemotherapy and allogeneic bone marrow transplantation, patients submitted to these therapeutic procedures were evaluated only until the time of such treatments.
Cytogenetic studies
Chromosome studies were performed as previously reported [21] . Chromosome identification and karyotype description were performed according to the International System for Chromosome Nomenclature [37] . Karyotypes were defined as complex when they included ≥3 chromosomal abnormalities.
Statistical analysis
Data were described as the mean and standard deviation (SD) or median and 25th-75th percentiles (IQR) if continuous and described as a count and a percentage if categorical. The role of CE on survival and MDS/AML evolution-free survival was assessed by Cox models for time-dependent covariates. A bivariable analysis was also performed in order to adjust for known risk factors. In a predefined subgroup analysis, the following risk factors were investigated: cytopenias, blast cell percentage, WHO classification, karyotype pattern at clinical diagnosis, and IPSS cytogenetic categories. Time to event or to censoring was computed from diagnosis. The role of specific secondary defects on survival and on MDL/AML evolution-free survival after CE was assessed by Cox regression, with the time to event or censoring computed from CE. Hazard ratios and their 95% confidence intervals (CI) were estimated. The Kaplan Meier method was used to compute the cumulative event-free survival (PFI) and its 95% CI at 2 and 5 years from diagnosis (for all patients) or CE onset (for patients with CE).
Stata 10.1 (StataCorp, College Station, TX, USA) was used for computation. A two-sided p value <0.05 was considered statistically significant.
Results
Patients
Patients' clinical and hematological features at clinical diagnosis are listed in Table 1 Treatment was as follows: 128 patients received supportive care (transfusions and hematopoietic growth factors); three differentiation-inducing agents; two immunosuppressive agents; five low-dose chemotherapy aimed at reducing WBC counts; and 15 various regimens of intensive chemotherapy. Twelve patients were submitted to allogeneic bone marrow transplantation (allo-BMT): 11 had previously received supportive treatment only, whereas one had been submitted to intensive chemotherapy which induced a partial remission. The decision to administer intensive chemotherapy or allo-BMT was exclusively based on either the patients' age or the fact that progression to a more advanced MDS or to AML had just occurred.
Since our patients were not uniformly treated, in order to avoid any effect of intensive chemotherapy or allo-BMT on our results, the 15 and 12 patients submitted to the respective procedures were censored at the start of both treatments. So, we are quite confident that by excluding these patients, we did not affect the impact of CE on OS or PFI.
Cytogenetic results
At diagnosis, all 153 patients had successful cytogenetic analyses (Table 1) . Cytogenetic evolution occurred in a total of 47 (30.7%) patients. However, since six patients (one 5q− syndrome, one RA, one RCMD, and three RAEB-2) developed secondary abnormalities after disease evolution, they were considered chromosomally stable when assessing whether CE was predictive of OS or PFI. Thus, a total of 40 (26.1%) patients acquired secondary abnormalities during the course of the disease and before disease progression. Their WHO subtype and blast cell percentage at clinical diagnosis and at cytogenetic reevaluation are listed in Table 2 . In these patients, the median time from clinical diagnosis to the acquisition of secondary defects was 12.9 months IQR ¼ 6:6 À 27:3 ð Þ . The secondary abnormalities included 5q− in four patients, monosomy 7 in three, del(7)(q31q35) in eight, trisomy 8 in five, del(17) (p13) in four, and various defects (single and double abnormalities) in 16. The interstitial long-arm deletion of chromosome 5 more commonly occurred in patients who did not experience disease progression, instead −7, del(7) (q31q35), and del(17p) more frequently developed in patients with disease progression. Patients surviving with or without CE according to various parameters and those with either a stable disease or evolving to more advanced MDS/AML with or without CE according to the same parameters are reported in Table 3 .
Prognostic relevance of cytogenetic evolution
The significant impact of cytogenetic evolution on OS and MDS/AML progression was analyzed by time-dependent Cox regression. Patients who experienced CE during the follow-up period increased their risk of dying by seven-fold and their risk of disease progression (PFI) by 36-fold with respect to patients who remained karyotypically stable (p< 0.001 in both cases; Table 4 ). Two-and 5-year survivals were, respectively, 40% (95% CI, 19-60) and 10% (95% CI, 0.7-35) in patients with CE, versus 93% (95% CI, 86-96) and 70% (95% CI, 58-70) in patients without CE. After adjusting the effect of CE for other known risk factors (as listed in the methods section) in a bivariable analysis, the prognostic power of CE was proven in all cases for both death and PFI (Table 4) . Furthermore, CE had a statistically relevant influence on the OS of patients who at clinical diagnosis were either chromosomally normal or abnormal (p=0.004 and p<0.001, respectively). In addition, when the impact of CE on the risk of MDS/AML evolution was adjusted for the presence of primary defects, which significantly affected PFI when analyzed as a single variable (Hazardratio ¼ 2:3 85% CI ¼ 1:07 À 4:94 ½ , p = 0.02), CE Finally, the OS and the risk of MDS/AML evolution for each of the most common single chromosomal defects acquired during the follow-up period before disease evolution were compared to those of the remaining set of cases with secondary defects. This analysis showed that no single secondary defect affected OS. In contrast, del(7)(q31q34) was the only chromosomal abnormality that significantly affected the risk of MDS/ AML progression (p=0.002), while trisomy 8 had only a moderate effect (p=0.052).
Discussion
To the best of our knowledge, this is one of the few studies which evaluates the incidence of secondary chromosomal defects (CE) in an adequate number of MDS patients with a sufficient follow-up period of 45.2 months IQR ¼ 23:8 À 75:7 ð Þ . These patients have been cytogenetically analyzed at least twice before MDS/AML evolution. Former studies, which often included small numbers of patients with short follow-up periods, have established that CE occurs during the course of the disease in about 14-46% of MDS patients, more commonly in those with a sudden evolution to AML [27] [28] [29] [30] [31] [32] [33] [34] [35] . In a more recent study, 24% of MDS patients developed disease progression which, in the eight patients cytogenetically examined during transformation, was associated with CE [36] . None of these studies has evaluated the incidence of secondary defects in relation to other biological and clinical parameters. In the present series, 47 patients (30.7%) acquired additional chromosomal defects during the follow-up period, 40 of them (25.4%) before disease progression ( Table 2 ). The frequency of this event increased with the worsening of the MDS clinical stage (Table 3 ). All these data confirm current evidence which suggest that MDS evolution is accompanied by a steady increase in genetic instability and by an expansion of genomic alterations [17, 38, 39] . This is the first study which reveals that the acquisition of secondary chromosomal defects during the follow-up period before disease evolution predicts OS and PFI in MDS patients, an issue never addressed by previously published follow-up studies [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] . However, the clinical relevance of CE could be affected by the fact that the decision of performing a new bone marrow aspiration along with a cytogenetic reevaluation might have been dictated by other clinical indicators of disease progression. These last include a worsening of anemia [16] , neutropenia [40] , thrombocytopenia [41] , a sudden need for red blood cell (RBC) transfusions [24] , and an abrupt increase in lactic dehydrogenase levels [42] . Recently, a study has evaluated the impact of cytopenias on MDS outcomes [43] . This study has established that in IPSS intermediate-1 and intermediate-2 categories, the hemoglobin value only has an additive prognostic value regarding IPSS for evaluation of OS, but not for time to AML evolution. Another retrospective analysis has pointed out that in low-risk MDS, the total number of RBC transfusions is an independent negative prognostic factor for OS and PFI [24] . In the present study, the 40 patients who experienced CE before disease progression underwent a cytogenetic reassessment because of a reduction in peripheral blood values, especially hemoglobin values. Thus, most of our patients presented a worsening of anemia that could be due either to an increase in bone marrow apoptosis, the feature dissociating MDS from AML [17, 39] , or to an increase in marrow blast cell percentage. However, this last event was excluded. In fact, at the time of CE, no patient changed the subtype of MDS diagnosed at the onset of the disease (Table 2 ). In our series, patients who experienced CE presented a risk of dying seven-fold superior and a risk of transformation to advanced MDS and AML 36-fold superior than those of chromosomally stable patients (Table 4 ). However, since many studies have demonstrated that primary chromosomal defects and other clinical-biological factors significantly affect MDS natural history [18] [19] [20] [21] [22] [23] , it was questioned whether after adjusting for these last variables the statistical power of cytogenetic evolution was maintained. In a first step, the bivariable analysis applied revealed that the impact of CE on OS was independent of the number and type of peripheral blood cytopenias, the blast cell percentage, the WHO classification, the initial chromosomal pattern, and the IPSS cytogenetic categories.
In the subsequent bivariable analysis, it was revealed that after adjusting for all other prognostic variables, the relevance of CE on PFI was still significant (Table 4 ). In particular, the acquisition of secondary defects remained significant even after adjusting for the prognostic influence of the initial chromosomal pattern (p<0.001 in patients with either a normal or an abnormal karyotype at clinical diagnosis), which impact on PFI was lost after performing this analysis. We speculate that this effect could be due to the fact that 28 of the 94 patients (30%) with an abnormal karyotype at clinical diagnosis acquired additional defects during the follow-up period ( Table 2) .
As far as leukemic evolution is concerned, until now, no study has established which numerical or structural abnormality is required for such an event. It has been proposed that some chromosomal alterations may be responsible for each step in the evolution of the disease, but since the pathway of evolution is not unique, it is very difficult to define which genetic alteration comes first [36] . However, this assumption seems to be disproved by a recent array comparative genomic hybridization study which revealed that in low-risk MDS, CD34 negative cells harbor genetic alterations in addition to those present in CD34 positive cells [44] . Thus, disease progression might be caused by the outgrowth of a clonal CD34 negative cell population already present at clinical diagnosis and by the type of genetic lesion present in these dysplastic cells. This last suggestion is also strengthened by our study. In fact, in our series, the majority of secondary defects revealed in early/low-risk MDS were distinct from those revealed in advanced MDS: 5q− and del (11)(q14q23) prevailed in patients with early disease, −7, del (7)(q31q34), and del(17p) in those with advanced disease. Trisomy 8 was equally distributed. Thus, it is not surprising that del(7)(q31q34) was the only secondary defect significantly affecting the risk of MDS/AML evolution.
In conclusion, (1) CE occurs in 30.7% of patients, particularly in those with more advanced MDS; (2) it has a significant influence on OS and PFI independently of other variables with well-known prognostic relevance; (3) del(7) (q31q34) is the only single secondary chromosomal defect which significantly effects PFI, whereas trisomy 8 has a moderate influence. 
